. Fat feeding cauSeS wtieqwead in vivo insulin resistance, decreased energy expenditure, arid obesity in rats. Am. J. Physiol. 251 (Endocrinol. Metab. 14): E576-E583, 1986.-High levels of dietary fat may contribute to both insulin resistance and obesity in humans but evidence is limited. The euglycemic clamp technique combined with tracer administration was used to study insulin action in vivo in liver and individual peripheral tissues after fat feeding. Basal and nutrient-stimulated metabolic rate was assessed by opencircuit respirometry. Adult male rats were pair-fed isocaloric diets high in either carbohydrate (69% of calories; HiCHO) or fat (59% of calories; HiFAT) for 24 kl days. Feeding of the HiFAT diet resulted in a greater than 50% reduction in net whole-body glucose utilization at midphysiological insulin levels (90-100 mu/l) due to both reduced glucose disposal and, to a lesser extent, failure to suppress liver glucose output. Major suppressive effects of the HiFAT diet on glucose uptake were found in oxidative skeletal muscles (29-61%) and in brown adipose tissue (BAT; 7&90%), the latter accounting for over 20% of the whole-body effect. There was no difference in basal metabolic rate but thermogenesis in response to glucose ingestion was higher in the HiCHO group. In contrast to their reduced BAT weight, the HiFAT group accumulated more white adipose tissue, consistent with reduced energy expenditure. HiFAT feeding also resulted in major decreases in basal and insulin-stimulated conversion of glucose to lipid in liver (26-60%) and brown adipose tissue (@S-90%) with relatively less effect in white adipose (O-43%). We conclude that highfat feeding results in insulin resistance due mainly to effects in oxidative skeletal muscle and BAT. This resistance is seen at basal insulin levels, is pronounced at insulin levels in the midphysiological range, and is accompanied by reduced energy expenditure leading to obesity. adipose tissue; brown fat; euglycemic clamp; muscles; thermogenesis A HIGH LEVEL OF FAT INTAKE in the Western style diet is considered to be a major factor,in the development of insulin resistance and obesity (5,10, 16). The feeding of high-fat diets to laboratory rats has proved to be a useful model of the putative effects of dietary fat in humans, and there is evidence of reduced insulin-mediated glucose metabolism in muscle (14,27,32) and adipose tissue (17, 26, 28, 32) isolated from animals fed high-fat diets. We have recently employed the euglycemic clamp technique combined with administration of labeled %deoxy-D-glucase in rats (19,21,22) to investigate the effects of highfat diet on insulin action in vivo (23). Compared with chow-fed rats, rats on a high-fat diet exhibited wholebody insulin resistance and reduced insulin-stimulated glucose utilization in 'a number of individual skeletal muscles and brown and white adipose tissue (23). There was a considerable variation in the degree of insulin resistance, with major effects occurring particularly in muscles with a high percentage of oxidative fibers.
STORLIEN, L. H., D. E. JAMES, K. M. BURLEIGH, D. J. CHISHOLM, AND E. W. KRAEGEN. Fat feeding cauSeS wtieqwead in vivo insulin resistance, decreased energy expenditure, arid obesity in rats. Am. J. Physiol. 251 (Endocrinol. Metab. 14): E576-E583, 1986.-High levels of dietary fat may contribute to both insulin resistance and obesity in humans but evidence is limited. The euglycemic clamp technique combined with tracer administration was used to study insulin action in vivo in liver and individual peripheral tissues after fat feeding. Basal and nutrient-stimulated metabolic rate was assessed by opencircuit respirometry. Adult male rats were pair-fed isocaloric diets high in either carbohydrate (69% of calories; HiCHO) or fat (59% of calories; HiFAT) for 24 kl days. Feeding of the HiFAT diet resulted in a greater than 50% reduction in net whole-body glucose utilization at midphysiological insulin levels (90-100 mu/l) due to both reduced glucose disposal and, to a lesser extent, failure to suppress liver glucose output. Major suppressive effects of the HiFAT diet on glucose uptake were found in oxidative skeletal muscles (29-61%) and in brown adipose tissue (BAT; 7&90%), the latter accounting for over 20% of the whole-body effect. There was no difference in basal metabolic rate but thermogenesis in response to glucose ingestion was higher in the HiCHO group. In contrast to their reduced BAT weight, the HiFAT group accumulated more white adipose tissue, consistent with reduced energy expenditure. HiFAT feeding also resulted in major decreases in basal and insulin-stimulated conversion of glucose to lipid in liver (26-60%) and brown adipose tissue (@S-90%) with relatively less effect in white adipose (O-43%). We conclude that highfat feeding results in insulin resistance due mainly to effects in oxidative skeletal muscle and BAT. This resistance is seen at basal insulin levels, is pronounced at insulin levels in the midphysiological range, and is accompanied by reduced energy expenditure leading to obesity. adipose tissue; brown fat; euglycemic clamp; muscles; thermogenesis A HIGH LEVEL OF FAT INTAKE in the Western style diet is considered to be a major factor,in the development of insulin resistance and obesity (5, 10, 16) . The feeding of high-fat diets to laboratory rats has proved to be a useful model of the putative effects of dietary fat in humans, and there is evidence of reduced insulin-mediated glucose metabolism in muscle (14, 27, 32) and adipose tissue (17, 26, 28, 32) isolated from animals fed high-fat diets. We have recently employed the euglycemic clamp technique combined with administration of labeled %deoxy-D-glucase in rats (19, 21, 22) to investigate the effects of highfat diet on insulin action in vivo (23) . Compared with chow-fed rats, rats on a high-fat diet exhibited wholebody insulin resistance and reduced insulin-stimulated glucose utilization in 'a number of individual skeletal muscles and brown and white adipose tissue (23). There was a considerable variation in the degree of insulin resistance, with major effects occurring particularly in muscles with a high percentage of oxidative fibers.
The present studies were designed to further examine: I) the effects of high-carbohydrate vs. high-fat feeding on whole-body and individual tissue glucose metabolism and insulin action in vivo; 2) the contribution of changed hepatic sensitivity to insulin; and 3) the effects of these diets on basal and meal-stimulated metabolic rate. It is important to assess separately the relative effect of diet on hepatic glucose output (Ra) and total glucose disposal (Rd) in the basal and mildly insulin-stimulated state. Previous studies would suggest a mild suppression in basal glucose turnover with high-fat feeding (24), although neither this nor the hepatic sensitivity to insulin in different diet models has been directly studied. In view of changes in lipogenic enzymes in liver (4,8) and adipose tissue (8) induced by high-fat feeding, we considered it important to examine directly alterations in in vivo glucose flux through lipogenesis and the relative influence of insulin in liver and white (WAT) and brown adipose tissues (BAT). To give a more complete picture of diet effects on glucose metabolism and insulin action in vivo, these processes have been studied in multiple individual peripheral tissues (19, (20) (21) (22) .
Recently attention has focussed on the relationship between insulin resistance and decreased energy expenditure, particularly in the postprandial period (11) . Such an association may have important implications for the relationship between development of type II diabetes and obesity. Since BAT is a major thermogenic organ in the rat, the present study included measurement of energy expenditure, BAT weights and body composition in addition to the measures of insulin action in BAT.
Precise control over the diet is necessary to delineate properly the effects of carbohydrate versus fat on insulin action and energy expenditure. Synthetic diets were formulated differing only in fat and carbohydrate contribution to the caloric value but identical in terms of protein, vitamins, minerals, and fiber. The carbohydrate in both groups was made up of one-third sucrose and two-thirds starch to simulate clinically realistic diets (2).
Additionally the groups of animals fed high-fat or highcarbohydrate diet were pair fed equal amounts on a caloric basis.
METHODS
Adult, male Wistar rats (bred in our facility) weighing -300 g at the beginning of the study period were housed individually in wire mesh cages in a temperature-controlled room (22 t l°C) on a 12-h light-dark cycle (lights on at 0600). The rats were randomly divided into two groups and pair fed either a high-carbohydrate (HiCHO) or high-fat (HiFAT) diet. The diets were made up as in Table 1 and the rats were fed in small metal dishes just before the beginning of the dark cycle. Each rat was given 311 kJ/day. This amount was just less than their ad libitum intake of laboratory chow (315 kJ/day,'data not shown). A pair-feeding regimen was employed to avoid differences in caloric intake. Any spillage was collected and its weight added to the following day's intake. In general rats only spilled on the first 1 or 2 days of the dietary regimen. Diets were freshly made up every 3-4 days and stored at 4°C.
In e@s 1 and 2, rats were fed on either the HiCHO or HiFAT diets'for 24 t 1 days before cannulation (see below) and for the 3-to 4-day postoperative period. Food was removed 5-7 h before study. In e@ 3 rats were fed identically and for the same period before investigation of their basal and nutrient-stimulated metabolic rate. To determine the effect of high-fat feeding onbody composition, separate groups of identically treated HiCHO and HiFAT fed rats were killed by CO2 asphyxiation, shaved and gastrointestinal tract contents were removed. Because of reports of hypertrophy of brown adipose tissue with sucrose feeding (31), the interscapular depot was also removed, weighed, and returned to the carcass. Carcass composition was performed by the method of Clark and Tartellin (7) using slow oven (60-70°C) drying. HiCHO, high-carbohydrati' diet; HiFAT, high-fat diet.
Euglycemic clamp studies. HiCHO and HiFAT fed rats were anesthetized with pentobarbitone (20 mg/kg ip) and ketamine hydrochloride (25 mg/kg im) and fitted with chronic carotid and jugular cannulas (21, 22) . Studies were conducted 3-4 days after surgery in unrestrained conscious rats. Euglycemic hyperinsulinemic clamps were performed as described previously (21, 22) . Briefly, a continuous infusion of porcine insulin (Actrapid, Novo, Denmark) was given at a dose of 4.1 mU l kg-' l min-' to achieve plasma insulin concentrations in the midphysiological range. This infusion was maintained for 2 h. The arterial blood glucose concentration was clamped at the basal fasting level using a variable rate dextrose infusion. The glucose infusion rate required to maintain euglycemia during the 2nd h of the clamp was taken as the whole-body response parameter of potency of insulin action. Blood samples (0.4 ml) were obtained for insulin determination in all clamp studies at 0, 60, and 120 min. Erythrocytes were resuspended and returned to the animal following the 0-and 600min samples.
Experiment 1: in vivo insulin action in individual peripheral tissues. A total of 29 rats were used in this study in which insulin was infused at either 0 or 4.1 mU l kg-'. min-l in both carbohydrate and fat-fed rats. Insulin action within individual tissues in vivo was studied as described previously (18, 20, 22 At the completion of the clamp rats were anesthetized (pentobarbitone, 60 mg/kg iv), and the following hindquarter muscles were rapidly removed and frozen for subsequent analysis: soleus (containing mainly slow-twitch, oxidative fibers), superficial or white part of the gastrocnemius (containing mainly fast-twitch, glycolytic fibers), deep red part of the medial head of the gastrocnemius (containing mainly fast-twitch, oxidative-glycolytic fibers), and extensor digitorum longus (EDL, containing a mixture of fast-twitch, red and white fibers, but predominantly fast-twitch, glycolytic) (3). In addition, the following tissues were rapidly removed from the trunk of the animal and frozen: liver, diaphragm, lung, heart, epididymal and inguinal white adipose tissues, and interscapular brown fat.
An estimate of tissue glucose metabolic rate (the glucose metabolic index, RL) was calculated using the following expression (18) RL(pmol l 100 g-l l min-') = c, GM) r45
where C, is the plasma glucose level during the euglycemic clamp; C& (45) [14C]glucose incorporation into total lipid extracts of epididymal adipose tissue and liver were also measured in this study. An aliquot of the total nonpolar lipid extract was taken for counting in addition to the saponified free fatty acid extract. The difference between the amounts of radioactivity incorporated into total lipids and fatty acids can be regarded as representing the synthesis of glyceride glycerol, because the incorporation into the nonsaponifiable fraction was negligible (5). Results are expressed as the fractional clearance (Cf) (%/ 100 g of tissue) of the total [ 14C]glucose dose administered (22).
Experiment 2: endogenous .glucose production. To investigate the influence of high-fat feeding on endogenous glucose production during the euglycemic clamp, studies were performed in a further 18 animals: 9 HiCHO and 9 HiFAT fed treated identically with those of expt 1.
Endogenous glucose production in the basal state and during a glucose clamp at the same insulin dose as above was assessed as previously described (21 A steady state of glucose specific activity in the basal state was achieved by 60 min. Blood samples were obtained at 60,70,80, and 90 min after the commencement of the tracer infusion for determination of basal plasma glucose specific activity. From 90 min, animals were infused with insulin (4.1 mU l kg-'. min-'), while blood glucose was maintained at euglycemia for a further 90 min. The [3-3H]glucose infusion was continued at 0.05 &i/min.
Plasma insulin concentration, glucose infusion rate, and glucose specific activity had all reached steady state by 60 min after the beginning of the clamp, after which four blood samples (0.1 ml) were obtained at lO-min intervals for measurement of glucose specific activity. Endogenous glucose production ( Ra) was calculated as follows
where E is the tracer infusion rate in dpm/min; Ri is exogenous glucose infusion rate (= 0 in the basal state); SAG is the steady-state value of plasma glucose specific activity; and Rd is the rate of peripheral glucose disposal.
Analytical methods for expts 1 and 2. Plasma samples for determination of tracer concentration were deproteinized immediately in 5.5% --ZnS04 and saturated Ba(OH2). An aliquot of the supernatant was added to scintillant for counting of radioactivity. To measure plasma [3H]glucose, supernatants were dried down at 60°C before counting to remove any 3Hz0. Blood and plasma glucose concentrations were measured using a Yellow Springs glucose analyzer (YSI 23AM, Yellow Springs, OH). Plasma samples for insulin determination were stored at -20°C until analyzed by a double-antibody radioimmunoassay (21).
[ 14C] glucose incorporation into total nonpolar lipids in liver and adipose tissue were measured according to the method of Stauffacher and Renold (29) . The fatty acid component of the total nonpolar lipid extract was isolated for determination of radioactivity (5).
All counting of radioactivity was performed in a liquid scintillation spectrometer (Beckman Instruments, Fullerton, CA) using a quench corrected (external standard) dual-labeled counting program. Radioactivity in aqueous samples was counted in Picofluor-30 scintillant (Packard Instrument, Rockville, MD). A toluene based mixture containing 2,5diphenyloxazole and 1,4-bis[2-(5=phenyl-oxazolyl)] benzene was used for non-aqueous counting.
Experiment 3: measurement of heat production. Heat production was measured using an automated open-circuit respirometer. Rats were placed in circular plastic cages (18 cm diam; 20 cm high) with wire mesh floors to which they had previously been habituated and with water available through a drinking tube protruding into the cage. Air was drawn through the cage at ~1,500 ml/ min. The air was then dried and the stream split for passage through an oxygen analyzer (Applied Electrochemistry, Sunnyvale, CA, model S3A,) and a carbon dioxide analyzer (Horiba, Kyoto, Japan, model PIR2000) before the streams were rejoined and passed through a linear mass flowmeter (Teledyne Hastings Raydist, Hampton, VA, model ST-5K) for accurate determination of the flow rate. Volumes of oxygen consumed and carbon dioxide produced were converted to standard temperature and pressure. Heat production was calculated according to the following equation: heat production (kJ/ h) = 16.5 X O2 consumption (liter/h) + 4.62 X CO2 production (liter/h) (34). On each test day the rats were deprived of food, placed in the respirometry cages at 0700, and allowed to settle until 1130. Base-line determinations were then made for 3 h until 1430. They were then removed from their cages and gavaged using a baby feeding tube with either 4 ml of 50% dextrose or 4 ml of 20% hydrolyzed lipid (Intralipid; Pharmacia, Sweden). Each meal provided 33.6 kJ. The rats were observed to groom for a few minutes following the gavaging and then returned to rest. The rats which were all well gentled, struggled only minimally during gavaging, and evinced no distress afterward. Heat production was then measured for a further 3 h.
Animals were studied in pairs (1 from each of the HiFAT and HiCHO groups) and heat production was measured each minute for 15 min on one animal before switching to the other.. Each rat was thus assessed in the basal condition for 90 min spread over 3 h on each of two occasions. The same rat was also assessed for 90 min spread over 3 h following the glucose meal and again following the lipid meal. The first postprandial measurement occurred 10 min after gavage. The heat production. response to gavage with an equivalent volume of water was separately characterized for each group. Water gavage did not change metabolic rate initially compared with the pregavage level but heat production increased identically in the two groups 2 to 3 h after water gavage, presumably because the rats were then nearing their normal time of "lights off" with its associated increase E579 in activity. Heat increment to the meal was therefore calculated as the increase in heat production above the mean water gavage heat production for each group. Order of gavage completely counterbalanced, and 3 or 4 days were allowed between heat production determinations.
Statistics. Pairwise comparisons were made using twotailed Student's t tests with Bonferroni corrections for multiple comparisons. Table 2 summarizes the body weight and composition data. Groups of rats to be fed either hiCH0 or hiFAT diets were closely matched for initial body weight and gained the same amount over the diet access period. Overall spillage was negligible.
RESULTS
Postoperatively both groups ate between 80 and 90% of their preoperative intake and were gaining weight. As can be seen in Table  2 , despite the same rate of overall 'weight gain, HiFAT fed rats accumulated significantly more carcass fat at the expense of water and a small amount of lean tissue. The excess net carcass energy gain was thus approximately 430 kJ/rat in the HiFAT group. Interscapular BAT (IBAT) weights were 0.627 & 0.025 g in the HiCHO group and significantly less (0.465 t 0.061; P < 0.05) in the HiFAT group.
Overall euglycemic clamp data (at 0 and 4.1 mu. kg-l l min-l insulin infusion rates) and whole-body response to insulin for both ezpts 1 and 2 are shown in Table 3 . In neither experiment did the basal glucose or insulin levels differ nor did the insulin levels differ between the HiFAT and HiCHO groups after insulin infusion during the clamp. In both experiments the glucose infusion rate (GIR) required to maintain euglycemia was significantly Figures 1 and 2 summarize the effects of high-fat feeding on glucose metabolic index (RL) in individual tissues in the basal state ,and after elevation of insulin to the midphysiological range. Figure  1 shows the soleus, EDL, red and white gastrocnemius skeletal muscles,' diaphragm, and lung. Figure 2 shows the epididymal and inguinal WAT, the IBAT, and the atrium and ventricle. At basal insulin levels there were differences in RL in only one of the hindlimb muscles (soleus; P < 0.05). Fat feeding significantly reduced basal RL in diaphragm (P < O.Ol), epididymal WAT (P.< 0.013, IBAT (P c O.Ol), and heart (P c 0.05 for both atrium and ventricle). Elevation of insulin to the midphysiological range revealed a reduction in the fat-fed animals in k$ in the soleus (P c 0.05) and red gastrocnemius (P < 0.05) among the skeletal muscles, the diaphragm (P < O.Ol), both epididymal and inguinal WAT (both P < O.O$), and IBAT (P < 0.001). EDL, white gastrocnemius, and lung were unaffected by fat feeding. Interestingly, the insulin-stimulated increment in RL in heart of HiFAT fed animals was much larger (P c 0.05) in both cardiac tissues but, as basal levels were low, the absolute levels in response to insulin did not differ from the HiCHO group. BAT was the tissue most responsive to insulin and most affected by diet manipulation. Table 4 shows the dual effects of diet manipulation and insulin on the fractional clearance of 14C into glyceride glycerol and fatty acids in liver, epididymal, and inguinal white adipose and interscapular brown fat. The results are expressed as a percentage of the total [14C]-glucose cleared/100 g of tissue wet weight (22). In liver, fat-fed animals had reduced percentage [14C]glucose in+ corporation into free fatty acid (FFA) but not into glycerol. Insulin altered neither estimation. This contrasts with the carbohydrate-fed group where insulin induced an M-fold increase in the percentage incorporation of [ 14C] glucose into FFA without significantly affecting incorporation into glycerol. Fat feeding had little effect in WAT, only reducing [14C]glucose incorporation into FFA under basal condition in the inguinal pad and also reducing the magnitude of insulin-stimulated uptake into FFA in the epididymal pad. Insulin stimulated incorporation of [14C]glucose into both FFA and glycerol under both diet conditions in WAT and interscapular BAT. In contrast to WAT, high-fat feeding had a major effect in BAT.
[14C]glucose incorporation into both FFA and glycerol was significantly reduced in the HiFAT group compared with the HiCHO group under both basal and insulin-stimulated conditions.
Experiment 2: endogenous glucose production and disposal. Effects of high carbohydrate (HiCHO) and high fat (HiFAT) diet .on glucose metabolic index (Ri) in hindlimb skeletal muscles, diaphragm, and lung during basal and hyperinsulinemic euglycemic states in conscious rats. Insulin levels were as reported in Table 3 . @en part of histogram shows & under basal conditions and total histogram shows RL in hyperinsulinemic state with hatched portion being the .increment to insulin. Note that there is no hatching for extensor digitorum longus (EDL) where insulin-stimulated RL was slightly less: than basal. Values are means * SE of the mean. RG, red gastrocnemius; WG, white gastrocnemius; Dia, diaphragm. * P < 0.05, ** P '< 0.01 comparing HiCHO with HiFAT feeding conditions.
GIR. , There were no significant differences between groups in basal or clamped blood glucose or insulin levels. Endogenous glucose production (RJ under basal conditions was 14% lower (NS) in the HiFAT group. Ra in the HiFAT group was not suppressed during the clamp, whereas in the HiCHO group there was a 30% suppression (P < 0.02).
Ezperiment 3: effect of diet on basal and meal-stimulated&eat pkoductioh. Figure 3 shows the heat production under basal and meal-stimulated conditions. The increase in heat production due to the meal was calculated from the integrated 3-h postprandial measurement pe- riod compared with the integrated 3-h base-line period. Basal heat production did not differ at all as a result of HiFAT versus HiCHO feeding. Postprandial heat production to a glucose meal was signficantly reduced in the HiFAT fed group (P C 0.02), but there was no difference between groups in their response to the fat meal. However, if one compares the thermic response to the fat meal in the HiFAT group (i.e., the major component of their normal diet) with the thermic response to the glucose meal in the HiCHO group, the former is significantly reduced (P < 0.005). These findings are unlikely to be influenced by possible differences in the rate of absorption of fat and glucose meals as heat production had returned to basal by 3 h in all groups.
DISCUSSION
The present studies demonstrate a highly significant impairment of glucose disposal and postprandial thermogenesis induced solely by altering the macronutrient and high-fat (HiFAT) diets on basal heat production (left) and percentage increment above basal (*M) in response to gavage with 33.6 kJ of either glucose (G) or fat (F). * P < 0.02 comparing increase in heat production with a glucose meal in HiCHO group with each of the other increments.
proportion of the diet from predominantly carbohydrate to predominantly fat. At an insulin level in the midphysiological, range, net whole-body glucose utilization was reduced by over 50%. This marked reduction was achieved by, raising the fat component of the diet from 10 to 59% of total calories (and reducing carbohydrate from 69 to 20%) over a period of less than 4 wk. During that time all other components of the diet were identical; animals were eating the same amount and gaining weight at the same rate. Consistent with reduced energy expenditure, the HiFAT fed animals accumulated more fat but the basal blood glucose and insulin levels (Table 3) were not different between the HiCHO and HiFAT groups in either of the two experiments where they were measured (see Table 3 ). The results of the three experiments taken together demonstrate
HiFAT feeding induces a 1) whole-body insulin resistance that comes about from resistance both at the level of individual peripheral tissues and in the liver and 2) reduction in postprandial thermogenesis accompanied by a progression toward increased adiposity.
Increased fat and reduced carbohydrate intake results only in a small reduction in whole-body basal glucose.R, and R+ In the current study (expt 2), this was found to be 14%, a figure that compares well with estimates made elsewhere (24). It is clear, however, that high-fat feed&g will considerably alter the pattern of glucose disposal in the basal state. In particular, glucose utilization is markedly reduced in metabolically active and/or principally oxidative skeletal muscles to a degree in excess of the whole-body average reduction in Rd. Thus' estimated reductions in basal glucose disposal of 29 to 61% in the high-fat fed group were shown in soleus, red gastrocnemius, and diaphragm skeletal muscles,-. together with atria1 and ventricular cardiac muscle. In. contrast the white portion of the gastrocnemius, containing mainly glycolytic muscle fibers, was little affected by dietary manipulation.
While the pattern of dietary-induced changes in glucose disposal in individual muscle types is similar to that previously reported by us (23), the magnitude is greater in the present study. One difference may 'be the better matching of dietary conditions here. 'Responses in individual muscles are consistent with the small whole-body effect of high-fat feeding, given that the muscle mass is responsible for ~20% of basal whole-body glucose disposal. These findings are also consistent with previous in vitro studies in diaphragm (32), soleus (14), and heart (27) The difference in glucose *utilization induced by highfat feeding is more obvious in the presence of moderate hyperinsulinemia (90-100 mu/l). Evidence' was found for both reduced insulin-mediated whole-body glucose uptake (Rd) and for reduced insulin-mediated suppression of hepatic glucose output (R8). Most of the observed insulin resistance in the high-fat group was attributable to reduced & (~80%), with a lesser contribution 'from reduced suppression of Ra (-20%). It is possible Qiat a smaller fractional increase in portal compared with.' peripheral insulin levels was produced by exogenous insulin delivery and that this could have contributed to the detection of a greater peripheral versus portal insulin resistance. Nevertheless, it is clear that peripheral insulin resistance is a major part of whole-body insulin resistance induced by high-fat feeding.
A reduction in insulin-mediated glucose metabolism was widespread among peripheral tissues of rats fed a high-fat diet, and there was considerable heterogeneity in the effects on individual tissues. As in the basal state, skeletal muscle types differed substantially, but again the principally oxidative muscles were the most sensitive to insulin and the most .affected by the dietary manipulation. Glucose uptake at basal insulin levels was reduced in cardiac muscle by high-fat feeding, but paradoxically the increment due to insulin stimulation was much larger. The mechanism of this effect is unclear and requires further investigation.
Overall, the present findings confirm our previous results obtained at higher insulin doses and with less stringent dietary matching (23) Uptake of glucose in the basal state in interscapular BAT was remarkably suppressed by HiFAT feeding as was the absolute increment to insulin stimulation (Fig.  2) . These data are relevant to two issues: the role of BAT in diet-induced thermogenesis and the role of BAT in diet-induced insulin resistance. On the first point, our results extend previous findings (12) of an increased BAT mass with feeding of refined carbohydrate. In the present study HiCHO feeding consisting of one-third sucrose and two-thirds starch increased interscapular BAT weight 35% compared with the HiFAT group. The reduced-mass and insulin sensitivity of BAT in the HiFAT animals is consistent with the reduction in meal-induced thermogenesis, but the precise metabolic link between reduced insulin sensitivity and decreased thermogenic capability is not clear. Our results are in complete agreement with those of Acheson et al. (l) , who showed reduced thermogenesis to carbohydrate meal in humans following a period of exposure to a fatty diet.
With respect to the role of BAT in diet-induced insulin resistance the following calculation can be made. Assuming interscapular BAT is, in weight, -25% of the total BAT weight (9) then BAT weight for the HiCHO and HiFAT groups would be 2.5 and 1.8 g, respectively. At the ibsulin-stimulated rates of glucose uptake this would mean total BAT is capable of taking up 0.49 mg glucose/ min (2.5 g of BAT multiplied by the glucose metabolic rate of 108 ~mol. 100 g-' l min-'; Fig. 2 ) in the HiCHO group versus, 0.08 in the HiFAT, a difference of 0.41 mg glucose/min per rat or 1.1 mg l kg-' l min? The difference in whole-body GIR between the feeding.conditions averaged 5.2 mg* kg-l l min-l over expts 1 and 2. Thus, under the present conditions, BAT may contribute some 20-25% of the whole-body difference in insulin-stimulated glucose uptake at a midphysiological insulin level. The calculation of a BAT contribution of over 20% to the whole-body decrease in insulin-stimulated glucose uptake is higher than an estimate made in our previous study of 7% (23) . The difference resulted essentially from both a larger BAT mass in the present HiCHO group and from a greater insulin-stimulated glucose uptake compared with ,the laboratory chow-fed animals of our previous study. Since both these groups were eating food of similar macronutrient proportion and in the same amount, the reasons for the difference are not entirely clear, although such differences have been reported'previously (15) . The inclusion of sucrose in the HiCHO diet and its greater palatability may be important. Certainly previous work has shown a trophic effect of simple sugars on BAT metabolism (13,31), and increased postprandial thermogenesis has been seen after a palatable meal compared with that same meal given in an unpalatable form (25). The effect of enhancement of dietary acceptability with simple sugars may then involve a balance between their potential to reduce insulin sensitivity in some tissues (33) and their effect of increasing energy expenditure through BAT meal-induced thermogenesis. Further work will be necessary to clarify these issues.
It has recently been proposed (see Ref. 11 ) that insulin resistance results in a meal-induced thermogenic defect, which contributes to the pathogenesis of obesity. The findings of insulin resistance combined with reduced meal-induced thermogenesis and increasing accumulation of body fat under identical feeding conditions are entirely consistent with this hypothesis.
The major suppressive effect of high-fat feeding on rates of lipogenesis from glucose occurs in liver rather than in adipose tissue, although suppressive effects were found in both these tissues. Confirming previous in vivo studies (24) , there was little or no effect on glucose conversion to glycerol in either tissue and the major diet effect was on conversion to FFA. The insulin-mediated 20.fold increase in [14C]glucose incorporation into the liver FFA moiety was reduced to little more than twofold by. high-fat feeding. This is consistent with reports of reductions in several key liver lipogenic enzymes induced by high-fat feeding (4), possibly mediated by altered chronic exposure to insulin. While similar basal insulin levels were observed in the HiFAT and HiCHO groups, the possibility that average 24-h levels differ in the two groups requires further study.
Regarding the effect of the high-fat diet on clearance of glucose into glyceride fractions in white adipose tissue in the .present study; our findings confirm that a highfat diet does not affect [ 14C]glucose uptake into glycerol. However, whereas we find only a modest reduction in the fat-fed animals (significant for inguinal under basal conditions and for epididymal in the insulin-stimulated condition), Susini and Lavau (32) found almost a total suppression of [14C]glucose uptake into FFA. The cause of this difference in degree of effect may be found in the unlimited access to, greater time period on, and higher fat content of their hig!h-fat diet. In interscapular BAT the HiFAT diet group had profoundly reduced ['"Clglucose incorporation into both glycerol and FFA with a 97% reduction in [ 14C]-labeled FFA production compared with the HiCHO group during the insulin infusion. These results confirm that insulin in the physiological range increases incorporation of glucose into glyceride storage products in both liver and white and brown adipose tissue ( : and that fat feeding alters that incorporation in a tissuespecific and pathway-specific manner.
In summary, the present experiments clearly demonstrate that a short-term change solely in the macronutrient proportion of the diet from largely carbohydrate to a marginal predominance, of fat, without change in body weight or caloric intake, induces a marked (50%) reduction in whole-body glucose disposal at a midphysiological insulin level with a concomitant decrease in postprandial thermogenesis and. accumulation of body fat. The insulin resistance is seen both at the level of individual peripheral tissues and the liver. Among the individual tissues the effects of the dietary manipulation were widely disparate; there were major reductions in glucose metabolic rate in some tissues such as the soleus muscle, diaphragm, and brown fat, with little or no effect in muscles such as the EDL and white gastrocnemius. The insulin resistance in BAT is likely to be a significant factor in the reduced postprandial thermogenesis of the
